The basis of this limitation in the ability of the fetal left ventricle to greatly increase output (systolic performance) is controversial. Several studies point to myocardial immaturity: incomplete development of sarcomeres (17-21), decreased functioning of {J-receptors (22, 23), and myofibrillar disarray (24, 25) have all been implicated. Although fetal myocardium is certainly immature relative to that of the adult, none of these factors have been shown to change immediately at birth. In addition, many indices of systolic performance are increased in the newborn left ventricle relative to that of the adult (11, 12) , so that myocardial immaturity may not necessarily be associated with impaired ventricular function. It is remarkable that both the prematurely born animal (26-28) and human (29), which have not been exposed to prenatal hormone surges and labor to accelerate myocardial maturation, are capable of greatly increasing left ventricular output in response to a patent ductus arteriosus. In addition, recent studies of fetal sheep undergoing oxygen ventilation in utero have shown a doubling of left ventricular output (3, 30) , and other determinants of output such as septal compliance (31) have been shown to change in the perinatal period.
The basis of this limitation in the ability of the fetal left ventricle to greatly increase output (systolic performance) is controversial. Several studies point to myocardial immaturity: incomplete development of sarcomeres (17) (18) (19) (20) (21) , decreased functioning of {J-receptors (22, 23) , and myofibrillar disarray (24, 25) have all been implicated. Although fetal myocardium is certainly immature relative to that of the adult, none of these factors have been shown to change immediately at birth. In addition, many indices of systolic performance are increased in the newborn left ventricle relative to that of the adult (11, 12) , so that myocardial immaturity may not necessarily be associated with impaired ventricular function. It is remarkable that both the prematurely born animal (26) (27) (28) and human (29) , which have not been exposed to prenatal hormone surges and labor to accelerate myocardial maturation, are capable of greatly increasing left ventricular output in response to a patent ductus arteriosus. In addition, recent studies of fetal sheep undergoing oxygen ventilation in utero have shown a doubling of left ventricular output (3, 30) , and other determinants of output such as septal compliance (31) have been shown to change in the perinatal period.
Thus, left ventricular output may be limited in the fetus more because of its "circulatory environment" (the combination of a parallel circulation with central shunts, a dominant hypertrophied right ventricle that ejects more output and fills under similar pressures, a pulmonary vascular bed that is markedly constricted and that returns a very limited amount of blood to the left atrium and ventricle, and a highly compliant fetoplacental vascular bed that can absorb increases in volume that would otherwise increase left ventricular filling volume) than because of myocardial immaturity. For example, the fetal left ventricle has a very limited ability to increase output via the Frank-Starling mechanism (13) , with a plateau occurring at 5-7 mm Hg. However, Hawkins et at. (32) have shown that some of this limitation is caused by a concomitant increase in afterload; if afterload is controlled, left ventricular output continues to rise at filling pressures of 10 mm Hg. In addition, high right ventricular filling and ejecting pressures may constrain left ventricular performance both in diastole and systole (33) (34) (35) (36) .
We undertook the present study to determine whether the near-term (approximately 0.9 gestation) fetal left ventricle, functioning in a simulated "postnatal circulatory environment" (abolition of most central shunts with a small left to right shunt through the ductus arteriosus, a dominant left ventricle ejecting somewhat more blood than the right under higher filling pressures, a dilated pulmonary vascular bed returning a large amount of blood to the left atrium and ventricle, and a decrease in the fetoplacental vascular bed), is capable of increasing its output to levels similar to those seen in the newborn. We simulated the immediate postnatal circulatory environment in utero by studying chronically instrumented fetal sheep during oxygen ventilation (3). We also determined the effects of isoproterenol infusion, 466
ABSTRACf. In its normal circulatory environment, the fetal left ventricle can maximally increase output less than 2-fold, in contrast to the nearly 3-fold increase that occurs at birth. Several studies have attributed this finding to fetal myocardial "immaturity," and speculated that there is a rapid maturation ofthe myocardium in the perinatal period. We investigated the importance of the circulatory environment itself, rather than myocardial immaturity, by measuring left ventricular output (LVO) during in utero oxygen ventilation and isoproterenol infusion. We studied seven near-term fetal sheep~2 d after placement of intravascular catheters, an endotracheal tube, and an electromagnetic flow transducer around the ascending aorta. We measured hemodynamic variables in the presence and absence of all combinations of oxygen ventilation, isoproterenol infusion, and volume infusion. Baseline LVO was normal (133 ± 27 ml» kg-I. min-I). Individually, oxygen ventilation (136 ± 11 mL· kg-I. min-I, p < 0.001) and isoproterenol (48 ± 11 mL· kg-I. min-I, p < 0.05) increased LVO significantly; volume infusion did not. Their cumulative effect increased LVO nearly 3-fold (to 387 ± 98 mL.kg-l.min-I), similar to levels seen in the newborn lamb. Mean left atrial pressure increased above right during oxygen ventilation (from 0.05 ± 0.54 kPa to 0.82 ± 0.39 kPa, p :S 0.0001). We conclude that the previously observed limitation in maximal LVO in the near-term fetus is primarily caused by its circulatory environment rather than relative myocardial immaturity, and speculate that a prominent Starling response is uncovered by decreases in left ventricular afterload and right ventricular constraint. (Pediatr Res 29: 466-472, 1991) The fetal left ventricle functions in an environment of low oxygen demand and in parallel with a dominant right ventricle. Consequently, its output need not be as high as that of the newborn left ventricle (1) (2) (3) (4) . At birth, when oxygen demand increases dramatically and the systemic and pulmonary circulations separate, left ventricular output increases threefold (5) (6) (7) (8) (9) (10) (11) (12) . However, studies performed in sheep suggest that the fetal left ventricle is incapable of increasing its output anywhere near levels seen in the newborn; maximal increases are less than 50% above control in response to increases in preload (13) or heart rate (14, 15) , or during {J-adrenergic stimulation (16) . infusion were randomly varied, but the volume infusion studies always immediately followed those during the corresponding state without volume infusion, because measurements for the two states were made during the same period of data acquisition. The state in which measurements were made in the absence of all interventions, called baseline hereafter, most closely approximates the hemodynamic condition of the undisturbed fetal sheep. All measurements were made during parasympathetic blockade using atropine (0.4 mg i.v. every 30 min) to abolish the vagal-mediated decrease in heart rate that occurs during volume infusion.
We also measured systemic arterial pH, PC02, and P02 (Corning 158 pH/blood gas analyzer, Corning Medical, Medfield, MA), and Hb concentration and oxygen saturation (Radiometer OSM2 hemoximeter, Copenhagen, Denmark) at least once during and once without oxygen ventilation.
Oxygen ventilation. To initiate oxygen ventilation, the two polyvinyl tubes connected to the tracheal tube were opened, drained, and connected to a volume-regulated ventilator (Harvard Apparatus Ltd., Edenbridge, England). To ensure a maximal decrease in pulmonary vascular resistance, 100% oxygen was used. The ventilation settings were initially adjusted to deliver an inspiratory:expiratory ratio of 0.8:I, a respiratory rate of 55-60/min, and a tidal volume of about 20-30 mL, similar to that used in our previous experiments (3, 39) . Positive endexpiratory pressure was applied to counterbalance amniotic pressure. Arterial blood gases and Hb oxygen saturations were obtained, and the ventilator settings were adjusted until acceptable values were reached (Hb oxygen saturation 2:0.90 and PC02 :S 8.0 kPa), except in one sheep, in which the maximal attainable saturation was 0.81. Oxygen ventilation was continued for at least 15 min before data acquisition.
Isoproterenol infusion. During each ventilation condition (± oxygen ventilation), data were acquired in the absence of and during a peripheral venous infusion of isoproterenol (I f.Lg. min-I), in a random order, each after 15 min of hemodynamic stability.
Volume infusion. During the continuous acquisition of data in each of the four combinations of ±oxygen ventilation and ± isoproterenol infusion (Fig. I) , volume was infused after 15 s of control measurements (-volume infusion). Maternal or fetal sheep blood was infused rapidly into the left atrium at a rate of 5 mL· S-I. During the infusion of blood, ascending aortic blood flow was closely monitored; the infusion was discontinued when flow began to fall. This always occurred between 10 and 20 s of infusion, so that 50-100 mL of blood was infused, approximating a volume load of 14-28 ml.vkg". Left atrial pressure was monitored during the control measurement and after discontinuing the infusion because the catheter was used for the infusion. At the end of data acquisition, an equivalent volume of blood was removed from the fetus, which was then allowed to recover for at least 20 min before the next condition. For analysis, the last 5 s of data obtained before the volume infusion were averaged and constituted the "-volume" condition, and the data obtained at peak ascending aortic blood flow during the infusion constituted 
MATERIALS AND METHODS
Seven fetal sheep were studied at 135.4 ± 0.8 d of gestation (term is about 145 d). The fetuses were of normal weight (3.6 ± 0.6 kg) and had normal blood gases and arterial oxygen contents (see Results) at the onset of the study. The study was approved by the Committee of Animal Research at the University of California, San Francisco.
Surgical preparation. The ewe underwent a midline laparotomy under spinal (I % tetracaine hydrochloride) and supplemental i.v. (ketamine hydrochloride) anesthesia. The fetus also received local anesthesia (0.25% lidocaine hydrochloride) for each skin incision. A fetal hind limb was exposed through a small uterine incision and polyvinyl catheters were advanced to the descending aorta and inferior vena cava via the pedal artery and vein, respectively. A large bore polyvinyl catheter was placed in the amniotic cavity for a zero pressure reference, and the skin and uterine incisions were closed. A second uterine incision was then made over the left chest of the fetus and a left lateral thoracotomy was performed in the 4th intercostal space. A catheter was placed directly into the left atrium using a special needle-cannula assembly (38) , and an electromagnetic flow transducer [Statham Instruments, Oxnard, CAl was placed around the ascending aorta [this underestimates left ventricular output by coronary flow, which is approximately 3% of combined ventricular output (3)]. An 8F multiple side-hole polyvinyl catheter was left in the pleural cavity for drainage, the pericardium was left open, and the thoracotomy was closed. Through the same uterine incision, the neck was exposed in the midline. The trachea was ligated proximally, and an endotracheal tube (4.5 mm inner diameter) was inserted directly and advanced to the region of the carina. The proximal end of the tube was attached to two pieces of 12F polyvinyl tubing via a Y connector, and the tubing was filled with 0.9% NaCI solution. One piece of the 12F tubing was sealed and the other was connected to a third piece of tubing that was placed in the amniotic cavity to allow free drainage of tracheal fluid postoperatively. Polyvinyl catheters were placed in a carotid artery and jugular vein and advanced to the ascending aorta and right atrium, respectively. The neck and uterine incisions were then closed. Antibiotics (400 mg of kanamycin sulfate and I million units of penicillin G potassium) were instilled in the amniotic cavity and 0.9% warmed NaCl solution was added to replace lost amniotic fluid. All vascular catheters were filled with heparin sodium (1000 U/mL), sealed, and exteriorized along with the tubing to the left flank of the ewe. The abdominal incision was closed in layers and the ewe was returned to the cage for recovery. Antibiotics (400 mg of kanamycin sulfate and I million units of penicillin G potassium) were administered i.v. to the ewe and into the amniotic cavity daily.
Experimental protocol. Forty-eight to 72 h after surgery, the ewe was placed in a study cage and allowed free access to alfalfa pellets and water. Vascular catheters (ascending aortic, left atrial, and right atrial) were connected to Statham P23Db strain-gauge transducers, and the ascending aortic flow transducer was connected to a Statham SP2202 flowmeter. Pressures and flow were recorded continuously by a direct-writing polygraph (Gould Instruments, San Jose, CA), which was in turn connected to a Macintosh II computer (Apple Computer, Cupertino, CA) via an analog-digital data acquisition card (National Instruments, Austin, TX). Data from each channel were acquired on disk at a sampling rate of 200 Hz (Lab View; National Instruments).
We acquired data during stable hemodynamic conditions in eight states, which were all combinations of three conditions: ± oxygen ventilation, ±isoproterenol infusion, ±volume infusion (Fig. I) . The order of oxygen ventilation and isoproterenol to simulate the important catecholamine surge at birth (28, 37) , and volume loading. We measured left ventricular output, vascular pressures, and heart rate, and determined the individual and combined effects of each intervention on these variables. the "+volume" condition. However, because left atrial pressure measurements could not be obtained at peak blood flow for the "+volume" conditions, data for both left and right atrial pressures instead were obtained at discontinuation of the infusion, and represent pressures somewhat greater than those at peak flow.
Statistical analysis. All data are reported as mean ± SD. All regression coefficients are reported with corresponding SEM. Statistical significance was assumed present when the probability of the value obtained for any test statistic was :s0.05.
To test whether significant differences in ascending aortic blood flow, heart rate, or mean systemic arterial pressure were present among the eight states or among sheep, we used a multiple linear regression analysis using dummy variables coded by effect (40, 41) Coding of the dummy variables was done using the effects model: each was assigned a value of -I, 0, or I for each observation (41) . In this manner, the dummy variable Oz was assigned a value of I if the observation was made during oxygen ventilation and -I otherwise (-oxygen ventilation). ISO and VOL were assigned values similarly. To determine whether interactive effects occurred when two or more interventions (Oz, ISO, and/or VOL) were performed during an observation, we defined three interactive dummy variables, Oz·l, Oz· V, and I· V. They were assigned a value of I when the interaction was present and -I when it was not. For example, if an observation were made during oxygen ventilation and volume infusion, the variable Oz· V would be assigned a value of I and the other three variables would be assigned values of -I. The interaction of all three interventions simultaneously (Oz·I· V) cannot easily be interpreted from a physiologic standpoint; thus, its effects on the dependent variables are not included in the equation, but within the residual error (41) . We defined a set of dummy variables, S, through S6, to determine the between-sheep variability for each dependent variable (42) . The first sheep was assigned a set of Sj (1 00 0 0 0), the second (0 I 0 0 0 0), etc. for the first six sheep.
The 7th sheep was assigned a set of Sj (-1 -I -1 -I -I -1).
The coefficients for each dummy variable estimate the changes from the overall mean value associated with that variable (for example, b, is an estimate of the effect of volume infusion on the overall mean value). The mean baseline value of the dependent variable is its value when all intervention and interactive variables are assigned a value of -1 and all between-sheep variables a value of O. The mean value of any intervention is similarly defined, except that the variable for that intervention is given a value of 1 rather than -I. The effectof any intervention or interaction on the mean baseline value of the dependent variable can be determined by doubling the value of its coefficient.
To determine the statistical significance of any variable or set of variables, an F test was performed by dividing the mean square of that variable or set of variables by the mean square residual (41) . For the individual interventions (Os, isoproterenol, and volume infusion) the mean square is equal to the type III sum of squares of that variable (the degrees of freedom for each variable in a linear regression model being 1). For the set of interactive variables, the mean square was calculated by summing the type III sum of squares of the three interactive variables and dividing by 3. For the between-sheep effects, a similar calculation was performed, but the combined sum of squares was divided by 6. In addition, the SD of the coefficients of SI-S6 was calculated as a measure of between-sheep variability (43) . Multiple comparisons between coefficients of the dummy variables were performed by the Student-Neuman-Keuls test (44) .
To evaluate the effects of oxygen ventilation on blood gases and on the mean pressure difference between the left atrium and the right atrium (an estimate of the difference in filling pressures between the left and right ventricles), all data (±volume infusion and ±isoproterenol infusion) within an oxygen ventilation state were combined and paired t tests were performed.
RESULTS

Ascendingaortic bloodjlow. Mean ascending aortic blood flow
in the baseline state was normal (133 ± 27 mL·kg-1.min-1) for near-term fetal sheep (1,3,4) . Figure 2 presents ascending aortic blood flow in each state of observation. Table 1 presents the values of the coefficients of the multiple regression analysis and their statistical significance, and Table 2 presents a comparison of the measured and predicted (from the regression model) mean values for each condition.
There were no significant interactive effects ( Table 1 ), so that the effect of each intervention can be considered independently. Volume infusion did not increase ascending aortic blood flow significantly(the mean predicted effect would increase output by 36 mL· kg-I. min-I, to 1.27 times baseline), whereas isoproterenol (mean increase of 48 ml.vkgv-rnin", to 1.36 times baseline) and oxygen ventilation (mean increase of 136 mL.kg-l.min-l, to 2.02 times baseline) did. The effect of oxygen ventilation was greater than that of isoproterenol (p < 0.001). The combination of all three interventions would increase mean ascending aortic blood flow by 255 mL· kg-I. min-I, to 2.91 times baseline. From Table 2 it can be seen that the measured and predicted values in each condition were within 1 mL·kg-l·min-l , demonstrating that the regression equation is an accurate model of the experiment.
Heart rate. Data are presented (Fig. 3 , Table 3 ) similarly to those of ascending aortic blood flow. Baseline heart rate was 245 ± 56 min-I, much higher than normal resting fetal values (2), because of the parasympathetic blockade. Of the interventions, only isoproterenol changed heart rate significantly (mean predicted increase of 40 min-I, to 1.15 times baseline). During oxygen ventilation, isoproterenol had a somewhat greater effect than in its absence (-oxygen ventilation). Vascular pressures. Mean systemic arterial pressure data (Fig.   4 , Table 4 ) are also presented similarly to those of ascending aortic blood low. Of the interventions, only volume infusion changed mean systemic arterial pressure significantly (mean increase of 2.0 kPa, to 1.35 times baseline). There was no interactive effect; that is, the effect of the volume infusion was the same in the presence and absence of oxygen ventilation and isoproterenol infusion. Left atrial and right atrial pressures are presented in Table 5 . These raw data were not analyzed statistically for two reasons. First, the pressures for the volume infusion conditions are not simultaneous with the data obtained at peak ascending aortic flow, as explained in Materials and Methods. Second, oxygen ventilation is probably associated with alterations in left and right ventricular compliances as left ventricular filling increases relative to right and pulmonary vascular resistance falls rapidly (3), so that comparable pressures cannot be considered indicators of comparable end-diastolic volumes. However, as an indicator of increased left ventricular filling relative to right, we compared the mean pressure difference between the left and right atrium. We found that there was no significant pressure difference before oxygen ventilation, but left atrial pressure exceeded right by 0.82 ± 0.39 kPa during oxygen ventilation (p :s 0.0001).
Blood gases and vascular pressures. t The effect of Oz wassignificantly greaterthan that of ISO(p < 0.00I, Student-Neuman-Keuls test).
-Volume -t-Volume -Volume +Volume (Table 6 ). Oxygen content, POz, and Hb oxygen saturation were significantly greater during oxygen ventilation, at levels similar to those described previously in fetal sheep ventilated in utero (3) .
increase in left ventricular output is very similar to that which occurs at birth (46, 47) , although absolute left ventricular output at birth varies widely (from 248 to 428 ml.» kg-I. min-I) among different laboratories using different techniques (5-12). We have previously measured left ventricular output in the newborn lamb in the same laboratory using the same technique (ascending aortic electromagnetic flow transducer), both at rest and during isoproterenol infusion (8) . In that study, left ventricular output was 265 ± 54 mL· kg": min-I at rest and increased to 302 ± 67 ml> kg-I. min-I during isoproterenol infusion: these values are remarkably similar to output measured in the current study in the fetus during oxygen ventilation alone (269 ± 85 mL·kg-
min-I) and during oxygen ventilation and isoproterenol infusion (350 ± 100 ml.. kg-I. min-I), respectively. We performed this experimental protocol to stimulate the postnatal circulatory environment in utero. We have previously shown that oxygen ventilation in utero creates a central circulatory pattern that is identical to the immediate postnatal circulation (3). In addition, the newborn left ventricle functions under significant fJ-adrenergic stimulation (8, 37) , which is essential to the increase in output at birth (28) , and at higher filling pressures (6, 11) than before birth, so we performed the studies during isoproterenol infusion and volume loading in addition to oxygen ventilation. We found that oxygen ventilation and isoproterenol increased left ventricular output, but not volume infusion, and that the effect of oxygen ventilation far exceeded that of isoproterenol. Their cumulative effect increased output to newborn levels. It is thus apparent that a major factor limiting left ventricular performance in the fetus is its circulatory environment rather than relative myocardial immaturity, although it is still possible that the addition of some maturation process would allow the ventricle to perform at even greater levels.
This ability of the fetal left ventricle to achieve outputs equal +Isoproterenol -Isoproterenol
DISCUSSION
In its normal circulatory environment, the fetal left ventricle can maximally increase its output much less than 2-fold (13) (14) (15) (16) . During in utero oxygen ventilation alone, however, the fetal left ventricle doubles its output (3, 30) . We have extended these studies by.performing in utero oxygen ventilation in conjunction with fJ-adrenergic stimulation and volume loading, and found that the fetal left ventricle is capable of nearly tripling its output above baseline levels. Moreover, this study probably underestimates the fractional increase above resting fetal levels: our baseline measurements were performed during parasympathetic blockade, which increased heart rate considerably, and probably increased output to some degree as well (14, 45 Fig. 3 . Heart rate in the presence and absence of each intervention. Data are presented as the mean ± I SD. *, the presence of that intervention significantly increases heart rate. * The coefficients b (see Table I of the sacroplasmic reticulum (17) (18) (19) (20) (21) , and underdevelopment of the l3-receptorjadenylate cyclase complex (22, 23) . However, mechanisms that are thought to accelerate myocardial maturity at birth, such as surges in thyroid hormone (23) , cannot be functional in this preparation, and isoproterenol, the only intervention that should increase contractility in a manner similar to the postnatal catecholamine surge (37), only modestly increased output (36%). In contrast, oxygen ventilation doubled left ventricular output. Thus, although the fetal myocardium is immature relative to that of the adult, it does not appear to be functionally immature relative to neonatal myocardium. Heart rate changes have also been considered to be important in the increase in left ventricular output at birth (14) . In our study, however, the majority of the increase in output occurred during oxygen ventilation alone, which had no effect on heart rate. It is important to note that our study was performed during parasymptomatic blockade, so that the control heart rates were far higher than those seen in the normal fetus. Thus, an increase in heart rate might have further increased left ventricular output, both directly and by increasing contractility via the Bowditch effect.
To speculate on the mechanisms whereby we found such a large increase in output, we must turn to other determinants of output: contractility, preload, and afterload. Although the newborn has only a limited contractile reserve (8, 48) , the fetus has been shown to have a greater one, as demonstrated by significantly greater postextrasystolic potentiation in both isolated muscle strips and the in vivo heart (48) . Although this may be part of the effect of isoproterenol in our study, it is unlikely that there was an increase in contractility during oxygen ventilation in the absence of an increase in heart rate. In contrast, oxygen ventilation does cause a large increase in left atrial pressure (3) similar to that seen at birth (6) . It is thus likely that the large increase in left ventricular output in our study can be attributed to the Frank-Starling mechanism. That mechanism has been shown to be ofvery limited importance in the fetus (13), unless afterload does not increase (32) . This may be the case in our study, inasmuch as left ventricular output increased nearly 3-fold during oxygen ventilation and isoproterenol infusion in the absence of an increase in aortic pressure. Perhaps an even more likely mechanism that unmasked the Starling response is a blunting of the effects of the right ventricle on left ventricular filling and ejection. The fetal right ventricle not only fills at the same or higher pressure than the left but also fills to almost twice the volume, and may constrain filling of the relatively stiff left ventricle (49 (3) , and left atrial pressure increases wellabove right. Thus, the right ventricular constraint of left ventricular filling should decrease, and left ventricular compliance, and thus end-diastolic volume, should increase substantially with the increase in left atrial pressure. Lastly, it should be appreciated that the fetal right ventricle may constrain left ventricular systolic performance as well. The fetal right ventricle is very sensitive to changes in afterload: an increase in central impedance by occlusion of the ductus arteriosus nearly halves its output (4) . Although peak systolic right ventricular pressure does not decrease immediately at the onset of oxygen ventilation, the impedance of the vascular tree into which it is ejecting may. The large, low resistance pulmonary vascular bed into which it is ejecting at the onset of oxygen ventilation may cause more rapid emptying of the ventricle and limits its effects on left ventricular contraction.
In summary, we have found that the fetal left ventricle is capable of greatly increasing its output when it is exposed to a simulated postnatal circulatory environment, as modeled in this study by in uterooxygen ventilation, isoproterenol infusion, and volume loading. Although the fetal myocardium is immature compared with that of the adult, much of the increase in output that occurs at birth can be explained by the onset of oxygen ventilation and the increase in catecholamine levels. We speculate that these events unmask the Starling response by a combination of a decrease in left ventricular afterload and a blunting in right ventricular diastolic and systolic constraint of left ventricular performance, and by an increase in myocardial contractility. These data help to explain why the prematurely born infant is capable of handling large volume loads associated with reversal of blood flow through the ductus arteriosus despite the absence of the putative maturation of myocardium occurring in the term fetus around birth.
